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(57) ABSTRACT

Disclosed is a device for detecting bioelectric signals from
spheroids comprising a measuring chamber having a measur-
ing chamber wall which encloses a volume, which is open at
least at one side, is composed of an electrically non-conduct-
ing material, and has, in at least one measuring region, an
inner cross section, which corresponds as far as possible to
the largest cross section of a spheroid, comprising at least a
number of electrodes which are disposed in a common plane
inside said measuring chamber wall and each electrode has a
freely accessible electrode surface which is oriented towards
the measuring region, and comprising an impedance measur-
ing arrangement which is connected to the electrodes. The
device and the method can be used to test substances in 3D
biological in-vitro (three-dimensional) cell aggregates.

19 Claims, 6 Drawing Sheets
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DEVICE AND METHOD FOR DETECTING
BIOELECTRIC SIGNALS FROM
ELECTROPHYSIOLOGICALLY ACTIVE
REGIONS IN SPHEROIDS

TECHNICAL FIELD

The present invention relates to a device and a method for
detecting bioeletric signals from electrophysiologically
active regions in spheroids. In particular, it is described how
the effect of pharmaceutical preferably neuropharmacologi-
cal or neurotoxic substances can be detected without damag-
ing the spheroids so that the spheroids continue to be at
disposal for further study possibilities.

STATE OF THE ART

In order to be able to routinely determine the effect of
substances, for example pharmacological substances, on liv-
ing systems, in recent years biosensors have been developed,
which are based on living cells, see Bousse, L., “Whole Cell
Biosensors”, Sensors and Actuators, volume 34, pp., 270-275
(1996). Such type biosensors that are based on biological
cells are primarily provided with mono-layer cell cultures as
abiological detection system, but substance-caused complex
cell/cell or cell/matrix interactions can often not be deter-
mined with the desired precision and reliability. Furthermore,
the effect of neuropharmaceuticals or environmental toxins
indeed leads to these complex cell/cell interactions in the
central nervous system, which need to be ascertained in order
to obtain further insight into the biochemical reaction chain of
such substances on biological cell material. Finally, the bio-
sensors based on mono-layer cell cultures have the drawback
that the measuring results obtained using them only provide
limited information about the actual reaction capabilities of
the biological cells, for example to selective application of a
substance, because the mono-layer cell cultures do not exist
in this from in living nature.

In order to avoid this drawback, biological models approxi-
mating an in vivo situation with regard to the intercellular as
well as intracellular interactions as closely as possible must
be resorted to when studying such type substances. Three-
dimensional cell systems reflect an in vivo situation substan-
tially better than single cells or mono-layer cell cultures.
Therefore, it is necessary to use three-dimensional cell sys-
tems to test substances which are intended for influencing
cell/cell interactions.

In order to test the neuropharmacological or neurotoxic
effect of substances, for example beyond animal models,
bioelectric signals are determined in a prior art manner from
the ex vivo tissue sections with the aid of glass micro-elec-
trodes or needle electrodes. Planar electrode arrangements,
so-called multi-electrode arrays are utilized to record the
signal courses using multi-channel derivations. However, ex
vivo tissue sections must be prepared in a very complicated
manner from animal models, cannot be standardized and are
limited to the existent animals models. Moreover, as ex vivo
tissue sections degenerate rapidly, tissue sections are not
suited for long-term testing. [.ong-term testing, however, is of
extreme relevance for testing neuropharmaceuticals or envi-
ronmental toxins and their influence on biological tissue.

An interesting research object for the preceding problem
are so-called spheroids, which may be considered as bead-
shaped cell aggregates. From literature are known, for
example, research in retina genesis and retina regeneration in
which such type regenerated bead-shaped cell aggregates,
so-called retino-spheroids, are obtained under constant con-
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ditions (see Moscona, A. A, “Development of Heterotypic
Combination of Dissociated Embryonic Chick Cells”, Proc.
Soc. Exp. Bio. Med 292, pp. 410-416 (1956); Vollmer, G.
Layer, P. G., Gierer, A.: “Reaggreation of Embryonic Chick
Retina Cells: Pigment Epithelial Cells Induce a High Order of
Stratification”, Neurosci. Lett. 48, pp. 191-196 (1984)).
These regenerated bead-shaped cell aggregates are reaggre-
gated by suited cultivation of dissociated cells from embry-
onic retinae.

DE 199 46 458.8 describes a device and a method for
characterizing spheroids by means of impedance spectros-
copy. The influence of substances on the proliferation, mor-
phology and membrane properties of the in vitro tissue, i.e.
outside the living organism, can be determined with this
device and method. Locally resolved information from inside
the spheroid can, however, not be obtained with this prior-art
method. Moreover, information about the intracellular elec-
tric potentials in the form of so-called bioelectric signals,
from which the effect of pharmaceutical substances, in par-
ticular neuro-pharmaceutical or neurotoxic substances can be
determined, cannot be obtained with the device described in
the preceding printed publication.

SUMMARY OF THE INVENTION

The object of the present invention is to provide a device
and a method for detecting bioelectric signals from spheroids
in such a manner that it is possible to determine the neurotoxic
and neuropharmacological effect of substances on biological
tissue by way of in-vitro study as close as possible to the
in-vivo situation with regard to intercellular and intracellular
interactions.

The solution of the object on which the present invention is
based is set forth in claim 1. The subject matter of claim 14 is
an inventive method. Features that advantageously develop
the inventive idea are the subject matter of the subclaims and
are given in the description of the invention with reference to
preferred embodiments.

A key element of the present invention is that the device for
detecting bioelectric signals from spheroids comprises the
following components:

a measuring chamber having a measuring chamber wall,
which encloses a volume that is open at least on one side,
is made of non-electroconductive material and has an
inner cross section at least in one measuring region,
which corresponds maximally to the largest cross sec-
tion of a spheroid.

The measuring chamber is preferably designed as a capil-
lary with capillary walls as well as a capillary bottom, which
define the measuring region of the spheroid. The size of the
cross section of the measuring region enclosed by the capil-
lary walls is selected in such a manner that the spheroid is in
mechanical contact with the measuring chamber respectively
capillary wall along the spheroid’s biggest circumferential
edge in such a manner that the spheroid assumes a fixed as
possible spatial position inside the measuring region, which is
of great advantage for further measurement of the spheroid.
In order to further improve the positioning of the spheroid
inside the measuring chamber, respectively the capillary, in a
preferred embodiment, the device is connected in the capil-
lary bottom to a partial vacuum conduit to affix the spheroid
inside the measuring region by means of suction.

at least a number of electrodes which are disposed in a
common plane inside the wall of the measuring cham-
ber, the electrodes each having one freely accessible
electrode surface oriented towards the measuring
region. The electrodes are preferably disposed in that
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plane within the wall of the measuring chamber, in
which the spheroid comes in contact with the measuring
chamber wall with the edge of its greatest circumfer-
ence. The requirement that the electrodes are disposed in
aplane is not necessarily to be understood as mathemati-
cally exact, i.e. in the sense of along an imaginary line
running around the inner wall of the measuring chamber.
The electrodes should be disposed, at least with the
surfaces oriented towards the measuring region, along
the region of contact between the spheroid and the wall
of the measuring chamber in such a manner that the
impedance distribution can be detected locally resolved
in the cutting plane inside the spheroid predetermined by
the electrode configuration with an impedance measur-
ing arrangement that is connected to the individual elec-
trodes. For this purpose, an electric current is induced
inside the spheroid via the single electrodes and the
diminishing electric voltage over the spheroid is mea-
sured. The impedance is formed from the current and the
voltage. In order to conduct so-called impedance imag-
ing, the frequency of the current induced in the spheroid
is varied over a continuous frequency range, and the
impedance yielded as a function of the frequency is
recorded. Thus, with the aid of such an impedance imag-
ing system, the tissue parameters can be determined
locally resolved inside the cutting plane from the
recorded impedance distribution at different frequen-
cies. In this manner, information is gained about the
internal structure of the spheroid inside the cutting
plane. For instance, so-called electrophysiologically
active regions, which may differ in impedance behavior
from the other not organized regions inside the spheroid,
are distinguished by a subunit with a compact consis-
tency. Especially these electrophysiologically active
regions are of particular interest in discovering how
certain substances influence biological cells, because it
is in these regions that scientifically detectable and
evaluatable signals are generated as a sort of cell
response to the substance’s effect on the respective cell.
Electrophysiologically active regions inside the spher-
oid possess a bioelectrical activity which influences the
behavior of the electrical surface potential of the entire
spheroid. When there is a change in the bioelectrical
activity of the electrophysiological active regions, for
example, due to the effect of a certain substance on the
spheroid and, therefore, simultaneously on the electro-
physiologically active regions, this directly influences
the surface potential of the spheroid. Preferably with the
aid of a potential determining system, which is con-
nected to the electrodes disposed around the spheroid, it
is possible to detect the surface potentials along the
cutting plane through the spheroid and to obtain infor-
mation about the bioelectrical activity of the electro-
physiologically active regions inside the cutting plane.

For both impedance measurement and detection of the
surface potentials, the free electrode surfaces do not neces-
sarily have to be in direct contact with the surface of the
spheroid.

But rather a culture fluid, for example representing a nutri-
ent inside which the spheroid is generated, introduced into the
measuring chamber also acts as an electrically conducting
medium through which an electrical contact can be produced
between the electrodes and the surface of the spheroid.

In a simple embodiment, the free electrode surfaces-con-
nect flush with the inner wall of the measuring chamber in
such a manner that a direct contact between the electrode
surfaces and the spheroid prevails.
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In an alternative embodiment, the electrodes are located in
such a manner inside the so-called connecting chambers,
which open on one side into the measuring chamber, that the
free electrode surfaces are set back from the inner wall of the
measuring chamber. The advantage of this is first that the
electrodes are easier to exchange respectively replace. More-
over, with suited design and arrangement of the connecting
chamber, for example, tapering conically towards the mea-
suring chamber, larger free electrode surfaces can be utilized.
With regard to a small as possible phase limit impedance, the
use of as large as possible electrode surfaces is desirable,
which can be realized by corresponding spaced placement of
the inner wall of the measuring chamber inside the conically
designed connecting chambers. As already mentioned in the
preceding, the culture fluid, which is introduced into the
measuring chamber together with the spheroid, acts as an
electrical contact medium between the electrodes and the
spheroid surface.

With regard, in particular, to studying spheroids in indus-
trial amounts to test how new pharmacological substances
act, semiconductor materials are suited for-setting up the
device described in the preceding. A multiplicity of array-like
arranged measuring chambers, which are adapted in shape
and size to studying spheroids and thus permit statistical
evaluation due to the great number of examined spheroids,
can be realized with the aid of semiconductor technology. A
concrete embodiment of this is described in more detail fur-
ther on with reference to the figures.

With the aid of the preceding device, the spheroids can be
studied for their bioelectrical activity without destroying
them, to then return them safely to a culture medium for
further observation. Thus, one and the same spheroid can be
measured several times at intervals in order to be able to
determine possible signs of substance-caused degradation. In
this manner, conclusions can be drawn statistically about how
substances act following evaluation of a multiplicity of such
spheroids which are additionally exposed to a certain sub-
stance inside a culture medium.

The invented method for detecting bioelectric signals from
spheroids is distinguished in particular by the combination of
the following method steps: provision of a device of the type
described in the preceding, placement and positioning of a
spheroid inside the measuring chamber, and conducting an
impedance measurement according to the impedance imag-
ing method for locally resolved determination of electro-
physiologically active regions in the spheroid. In order to be
able to determine any bioelectrical activity, an additional
surface potential determination is conducted along the cutting
plane predetermined by the configuration of the electrodes.

With the aid of the invented method, the morphology of the
multi-cellular spheroids can be determined locally resolved
in a non-invasive manner and, moreover, the excitation
courses of the electrophysiologically active regions can be
precisely determined. The method permits, in particular, to be
able to non-invasively detect the effect of substances respec-
tively drugs on 3D in vitro models of the central nervous
system. The device, in the sense of a biosensor system
described in the preceding, permits the realization of long-
term studies of neurotoxic and neuropharmacological effects
of substances. The spheroid utilized as a biological detection
element is only positioned in the measuring chamber for a
short period during impedance measurement and potential
determination and can, independent of the measuring
arrangement, be cultivated under physiological conditions.
Adhesion of the spheroid is largely prevented by the presence
of'the culture fluid inside the measuring chamber and undes-
ired cell/material interactions are minimized. Depending on
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the question to be resolved, spheroids or 3D biological detect-
ing elements can be generated with different types of cells in
different positions for the biosensor system.

BRIEF DESCRIPTION OF THE DRAWING

The present invention is made more apparent in the follow-
ing, without the intention of limiting the scope or spirit of the
overall inventive idea, using preferred embodiments with ref-
erence to the accompanying drawings. Shown is in:

FIG. 1 a schematic flow chart representation of carrying
out the method of analysis,

FIGS. 2a,b representation of a measuring chamber with a
spheroid,

FIGS. 3a,b,c representations of cross sections of'a spheroid
and an-image of the potential,

FIG. 4 a cross section of an array-shaped measuring
arrangement in semiconductor technology,

FIG. 5 measuring arrangement

FIG. 6 a cross section of a measuring chamber and

FIG. 7 a cross section of an alternative measuring chamber.

WAYS TO CARRY OUT THE INVENTION,
COMMERCIAL APPLICABILITY

The invented method is explained with reference to FIG. 1
using a study of reaggregated retino-spheroids as an example:

Under micro-gravitation conditions in a bioreactor 1, dis-
sociated embryonic cells of the central nervous system are
reaggregated to bead-shaped neuronal reaggregation cul-
tures, the so-called retinospheroids. With the addition suited
growth factors and/or suited genetic manipulations, it is
achieved that electrophysiologically active cell regions form
evenly distributed in the spheroid. Thus with high probability,
at least one electrophysiologically active region is located in
a random cutting plane running through the center of the
spheroid.

In order to test the effect of a substance on the spheroid, at
least one spheroid 2 has to be isolated from the bioreactor 1
and placed in the measuring chamber of the biosensor system
3 to test it there as an in vitro model. In the bioreactor 1 as well
as in the measuring chamber of the biosensor 3, the spheroid
2 is located in a culture fluid, respectively in an analyt, so that
the spheroid is replaceable as desired without impairment
between the bioreactor and the measuring chamber.

By means of multi-frequency impedance imaging 4, the
position and the extension of the various cell regions is deter-
mined in a cross section plane predetermined by the electrode
configuration inside the measuring chamber. And then the
bioelectrical activity of the individual cell regions in the cut-
ting plane is detected by means of the electrical source-im-
aging 5. Systems and algorithms for the impedance imaging
and the electric source imaging are fundamentally known
from medical tomography, see Webster, J. G., “Electrical
Impedance Tomography”, Adam Hilger, Bristol (1990).

Changes in the electrophsiological activity of certain
regions in the spheroid, correlation of the electrophysiologi-
cal activity of different regions and the change in the tissue
parameters serve as parameters 6 for the effect of substances
on the in vitro tissue model.

To conduct the impedance imaging and the potential deter-
mination, an electrophysiologically active spheroid 2 accord-
ing to FIG. 2 is positioned in the desired culture stage in a
measuring chamber 7. Depending on the question to be
resolved, such as for example long-term studies or dynamic
excitation, the to-be-tested substance is added to the culture
fluid in the bioreactor or to the culture fluid in the measuring
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chamber 7. The measuring chamber 7 is preferably formed by
a capillary 8, which is designed cylindrical in the positioning
region and its wall 9 is made of an electrically insulated
material. In the positioning region of the capillary 8, a mul-
tiplicity of electrodes 10 are disposed in the capillary wall 9 in
at least one plane perpendicular to the longitudinal axis. As
the electrodes 10 with their free electrode surfaces in the
preferred embodiment shown in FIGS. 24,5 are placed flush
with the inside wall of the measuring chamber, they come in
contact with the spheroid (2) placed inside the measuring
chamber in a cutting plane along the spheroid’s greatest cir-
cumference (FIG. 2b). The electrodes are electrically con-
tacted singly from the outside for triggering (not depicted).

This arrangement is used both for locally resolved deter-
mination of the passive electrical properties of the in-vitro
tissue and for determination of the spatial and temporal
course of the electrophysiological excitation.

In order to determine the impedance distribution in the
cutting plane of the spheroid in which the electrodes lie, the
electrodes are connected in a suited manner with an imped-
ance imaging system. The tissue parameters are determined
locally resolved from the impedance distributions at different
frequencies. FIG. 3a shows an actual section through a spher-
oid with the usually not further organized regions 11, orga-
nized subregions, the so-called electrophysiologically active
regions 12 and inner fiber layers 13. FIG. 35 shows a section
image determined by means of impedance imaging, which
really corresponds to the section image shown in FIG. 3a. The
bioelectrical activity of certain regions is determined from the
surface potentials, which are determined with the electrodes,
and from the impedance distribution, see diagrammatic rep-
resentation in FIG. 3c. In the determination of the surface
potentials, the electrodes of the measuring capillaries are
connected to a measurement system. Marked evaluatable
measured signals are, in particular, the voltages peaks per-
ceivable on the surface of the spheroid (see diagrammatic
representation) and their temporal sequence (At;, At,). In
particular, these measured values are the ones that are prov-
enly influenced by the presence of certain substances, which
allows drawing conclusions about the effect of certain sub-
stance on biological material.

FIG. 4 shows a measuring chamber arrangement in which
a multiplicity of single measuring chambers 7 is disposed in
anarray structure on a planar substrate 14. In order to produce
such a measuring chamber arrangement, a silicon nitride
layer 15 with a thickness of approximately 1 um is deposited
on a silicon substrate 14. The silicon nitride layer 15 is
exposed from the underside as membranes. Furthermore,
microholes 16 with a diameter of 20 um are produced in the
membrane 15 by means of dry etching. Finally, a phototresist
17 with a thickness of 40 um is applied. Cylindrically shaped
measuring chambers 7 (diameter of 150 um) are etched free
into the photoresist 17 concentric to the microholes. A metal
layer with a thickness of 10 um is deposited onto the photo-
resist 17 and structured in such a manner that the measuring
chambers 7 are surrounded by eight electrodes 10 disposed
evenly spaced in a circle. Finally another photoresist layer 17
(50 um) is deposited and structured.

In order not to damage the spheroids when placing them
into the individual measuring chambers 7, the edges of the
measuring chambers 7 are rounded off. In order to be able to
apply a partial vacuum 18 for positioning the spheroids, the
finished microstructure is glued onto a plate with a borehole
and tube connection. To conduct a measurement, the entire
region of the measuring chamber 7 is filled with culture fluid
19 to prevent adhesion effects between the individual sphe-
roids and the measuring chamber wall.
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The electrodes 10 placed in the measuring chamber,
according to FIG. 5, are connected with an impedance mea-
suring system 21 and a potential determination system 22 via
a multiplexer 20. The measured data are transmitted to a data
collection and data analysis unit 23, which also controls the
multiplexer 20.

According to the preferred embodiment in FIG. 6 showing
a cross section of a measuring chamber 7, connecting cham-
bers 24, which end in the measuring chamber, are disposed in
a star-shaped manner running conically into the measuring
chamber 7. In this way, the size of the metal electrodes 10,
which are each contacted by strip conductors 10*, can be
selected independent of the size of the measuring chamber,
and the phase limit impedance of the electrode 10 can be
reduced by larger electrode surfaces.

In another preferred embodiment according to FIG. 7, in
order to realize impedance measurements, one electrode 10'
for supplying current and one electrode 10" for determining
the potential are disposed in each channel in a four-electrode
configuration.

LIST OF REFERENCE NUMBERS

1 bioreactor

2 spheroid

3 biosensor, measuring arrangement
4 impedance measuring arrangement
5 potential determining arrangement
6 evaluation parameter

7 measuring chamber

8 capillary

9 measuring chamber wall

10 electrode

10* strip conductor

10" current supply electrode

10" potential determining electrode
11 not organized region

12 organized region, electrophysiological region
13 inner fiber layer

14 substrate

15 membrane

16 microhole

17 photoresist

18 vacuum connection

19 culture fluid

20 multiplexer

21 impedance system

22 potential determining system

23 data collection and analysis system
24 connecting chamber

What is claimed is:
1. A device for detecting bioelectric signals from spheroids
comprising

a measuring chamber that is pot-shaped, said measuring
chamber having a measuring chamber wall which
encloses a volume which is open at one side, wherein the
measuring chamber is composed of an electrically insu-
lating material and has, in at least one measuring region,
an inner cross section which corresponds to the largest
cross section of a spheroid and is sized such that the
spheroid is in contact with the measuring chamber wall,

at least a number of electrodes which are disposed in a
common plane inside said measuring chamber wall and
each said electrode has a freely accessible electrode
surface which is oriented towards said measuring
region, and
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an impedance measuring arrangement which is connected
to said electrodes.

2. The device according to claim 1,

wherein a potential determining system is connected to
said electrodes.

3. The device according to claim 2,

wherein provided in said measuring chamber wall is a
number of connecting chambers which are openly con-
nected with said measuring region and are disposed in a
common plane evenly distributed around said measuring
region in circumferential direction, and

inside each of said connecting chamber an electrode is
placed,

whose said freely accessible electrode surface oriented
towards said measuring region is spaced at a distance
from said measuring chamber inner wall.

4. The device according to claim 3,

wherein a second electrode is arranged inside each of said
connecting chambers and being connected to said poten-
tial determining system.

5. The device according to claim 2,

wherein said impedance measuring arrangement and said
potential determining system are connected to said elec-
trodes via a multiplexer.

6. The device according to claim 2,

wherein a data collecting and data evaluation unit is con-
nected to said impedance measuring arrangement as
well as to said potential determining system.

7. The device according to claim 1,

wherein said measuring chamber is designed as a cylindri-
cal capillary, and said at least a number of said electrodes
is disposed in one plane orthogonally to the length of
said capillary.

8. The device according to claim 1,

wherein said freely accessible electrode surfaces of said
electrodes are designed flush with said measuring cham-
ber inner wall.

9. The device according to claim 1,

wherein said measuring chamber can be filled with an
electrically conducting liquid.

10. The device according to claim 1,

wherein a partial vacuum conduit is connected to said
measuring chamber.

11. The device according to claim 1,

wherein a partial vacuum conduit is provided at the bottom
of said pot for positioning and attaching a spheroid
placed in said pot-shaped measuring chamber by means
of a partial vacuum.

12. The device according to claim 1,

wherein a multiplicity of measuring chamber is arranged in
an array-like manner and is designed in planar semicon-
ductor substrate technology.

13. The device according to claim 1,

wherein said electrodes are disposed evenly distributed in
circumferential direction of said measuring chamber
wall.

14. A method for detecting bioelectric signals from sphe-

roids through a device that includes a measuring chamber that

is pot-shaped, said measuring chamber having a measuring
chamber wall which encloses a volume which is open at one
side,
wherein the measuring chamber is composed of an electri-
cally insulating material and has, in at least one measur-
ing region, an inner cross section which corresponds to
the largest cross section of a spheroid and is sized such
that the spheroid is in contact with the measuring cham-
ber wall,
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at least a number of electrodes which are disposed in a
common plane inside said measuring chamber wall and
each said electrode has a freely accessible electrode
surface which is oriented towards said measuring
region, and

an impedance measuring arrangement which is connected
to said electrodes, the method comprising:

placing and positioning a spheroid inside said measuring
chamber, and

conducting an impedance measurement based on a locally
resolved determination of electrophysiologically active
regions in said spheroids.

15. The method according to claim 14,

wherein a surface potential determination is conducted for
detecting said bioelectrical activity.

16. The method according to claim 14,

wherein said impedance measurement is conducted at dif-
ferent triggering frequencies to obtain an impedance
spectrum.

17. The method of claim 14, wherein

the measuring chamber includes a culture fluid, and the
free electrode surfaces are placed flush with the measur-
ing chamber wall, the method comprising:

individually contacting each electrode from outside the
measuring chamber.

18. A method for detecting bioelectric signals from sphe-

roids through a device that includes a measuring chamber that

20

25

10

is pot-shaped, said measuring chamber having a measuring
chamber wall which encloses a volume which is open at one
side, wherein the measuring chamber is composed of an
electrically insulating material and has, in at least one mea-
suring region, an inner cross section which corresponds to the
largest cross section of a spheroid and is sized such that the
spheroid is in contact with the measuring chamber wall, at
least a number of electrodes which are disposed in a common
plane inside said measuring chamber wall and each said elec-
trode has a freely accessible electrode surface which is ori-
ented towards said measuring region, and an impedance mea-
suring arrangement which is connected to said electrodes, the
method comprising:
removing a spheroid to which a substance has been applied
from a culture medium and placing said spheroid in said
measuring chamber of said device;
performing at least one of an impedance measurement and
a potential determination non-invasively on said spher-
oid; and
returning said spheroid unharmed to said culture medium.
19. The method according to claim 18,

wherein said substances are pharmaceutical substances, in
particular, neuropharmacological or neurotoxic sub-
stances.



